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DEPOSITION AND DENSIFICATION
PROCESS FOR TITANIUM NITRIDE
BARRIER LAYERS

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application 1s a divisional application of U.S. Ser. No.
11/869,557, filed Oct. 9, 2007/, which application claims ben-
efit of U.S. Ser. No. 60/828,739, filed Oct. 9, 2006, and both

applications are herein incorporated by reference in 1its
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the invention generally relate to a fabri-
cation process for depositing a barrier layer on a substrate,
and more particularly to a deposition and densification pro-
cess for forming a titanium nitride barrier materal.

2. Description of the Related Art

Reliably producing submicron and smaller features 1s one
of the key technologies for the next generation of very large
scale integration (VLSI) and ultra large scale integration
(ULSI) of semiconductor devices. However, as the fringes of
circuit technology are pressed, the shrinking dimensions of
interconnects 1n VLSI and ULSI technology have placed
additional demands on the processing capabilities. The mul-
tilevel interconnects that lie at the heart of this technology
require precise processing of high aspect ratio features, such
as vias and other interconnects. Reliable formation of these
interconnects 1s very important to VLSI and ULSI success
and to the continued effort to increase circuit density and
quality of individual substrates.

As circuit densities increase, the widths of interconnects,
such as vias, trenches, contacts, and other features, as well as
the dielectric materials between, decrease to 45 nm and 32 nm
dimensions, whereas the thickness of the dielectric layers
remain substantially constant, with the result of increasing the
aspect ratios of the features. Many traditional deposition pro-
cesses have difficulty filling submicron structures where the
aspect ratio exceeds 4:1. Therefore, there 1s a great amount of
ongoing effort being directed at the formation of substantially
void-free and seam-iree submicron features having high
aspect ratios.

In the manufacture of integrated circuits, a titanium/tita-
nium nitride stack, a titantum nitride layer over a titanium
layer, 1s often used as a liner barrier. The titanium/titanium
nitride stack may be used to provide contacts to the source and
drain of a transistor. In one example, a titanium layer may be
deposited over a silicon substrate. The titanium nitride layer
may be deposited over the titanium layer. The titantum nitride
layer may be used as a barrier layer to inhibit the diffusion of
metals into regions underlying the barrier layer. A conductive
metal layer, such as a copper-containing layer or a tungsten-
containing layer, 1s usually deposited over the titantum nitride
layer.

The titantum layer or the titanium nitride layer may be
tformed by a chemical vapor deposition (CVD) process, an
atomic layer deposition (ALD) process, and/or a physical
vapor deposition (PVD) process. For example, the titanium
layer may be formed by reacting titanium tetrachloride with a
reducing agent during a CVD process and the titanium nitride
layer may be formed by reacting titanium tetrachloride with
ammomnia during a CVD process. Thereatfter, the conductive
material may be deposited onto the substrate.
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A variety of problems that eventually may lead to device
failure 1s a result from the specific process used to deposit or
form the titanium nitride layer. Reliability problems may
occur from the use of titanium tetrachloride as a chemical
precursor to form a titanium nitride layer during a CVD
process. In particular, the titanium nitride layer may have
poor adhesion over the titanium layer, resulting 1n peeling of
the titantum nitride layer from the titanium layer. Another
problem arises since the titanium tetrachloride precursor pro-
duces chlorine which diffuses and contaminates neighboring
materals (e.g., dielectric or conductive) on the substrate.

Titanium nitride barrier layers deposited with a traditional
CVD process further endure the severe problem of the con-
ductive contact matenal (e.g., Cu, W, or Al) diffusing through
the barrier layer and into neighboring matenials, such as
dielectric materials. Often, this diffusion problem occurs
because the barrier layer 1s too thin or contains a barrier
material not dense enough (e.g., too porous) to prohibit or
limait the diffusing metallic atoms. Thicker barrier layers may
be used to limit or control diffusion. However, the resistance
ol a barrier layer increases proportional to the thickness, as
does the time and cost for deposition.

Therefore, there 1s a need for an improved method of
depositing and densitying barrier materials, particularly tita-
nium nitride barrier layers.

SUMMARY OF THE INVENTION

In one embodiment, a method for forming a titanium
nitride barrier material on a substrate 1s provided which
includes depositing a first titanium nitride layer on the sub-
strate by a thermal metal-organic chemical vapor deposition
(MOCVD) process, and thereatiter, densifying the first tita-
nium nitride layer by exposing the substrate to a plasma
process. In one example, the method provides forming a
titanium nitride barrier stack by depositing a second titanium
nitride layer on the first titanium nitride layer by the thermal
MOCVD process and densitying the second titanium nitride
layer by exposing the substrate to the plasma process. In
another example, the method provides forming a titanium
nitride barrier stack by depositing a third titanium nitride
layer on the second titanium nitride layer by the thermal
MOCVD process and densitying the third titanium nitride
layer by exposing the substrate to the plasma process. There-
fore, the titanium nitride barrier material may contain a single
densified titanium nitride layer or a titanium nitride barrier
stack containing two, three, or more densified titanium nitride
layers. Subsequently, the method provides depositing a con-
ductive material on the substrate and exposing the substrate to
a thermal annealing process.

In another embodiment, a method for forming a titanium
nitride barrier stack on a substrate 1s provided which icludes
exposing the substrate sequentially to a titanium nitride depo-
sition gas and to a densifying plasma to form a plurality of
densified titanium nitride barrier layers during a deposition-
densification cycle. Generally, each of the densified titanium
nitride barrier layers may have a thickness of about 20 A or
less. Subsequently, the method provides depositing a conduc-
tive material on the substrate and exposing the substrate to a
thermal annealing process. The deposition-densification
cycle may be repeated to form a titanium nitride barrier stack
having the predetermined thickness.

In some examples, the substrate may be exposed to hydro-
gen and at least nitrogen, argon, helium, neon, or combina-
tions thereof during the plasma process. The plasma process
may occur for a time period within a range from about 10
seconds to about 20 seconds while the plasma generator may
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have a power setting within a range from about 750 watts to
about 1,250 watts. For example, the substrate may be exposed
to a plasma for about 15 seconds while having a plasma power
set at about 1,000 watts during the plasma process.

In one embodiment, the first titanium nitride layer, the
second titanium nitride layer, or the third titantum mitride
layer may independently have a thickness of about 50 A or
less, preferably, about 25 A or less, and more preferably,
about 15 A or less. In one example, the titanium nitride layer
may have a thickness within a range from about 5 A to about
20 A, for example, about 15 A or less. In another embodi-
ment, the titanium nitride barrier stack may have a copper
diffusion potential of less than about 5x10"'” atoms/cm?, pref-
erably, less than about 4x10'° atoms/cm?, more preferably,
less than about 2.5x10'° atoms/cm”, and more preferably,
less than about 1x10'° atoms/cm?. Alternatively, the titanium
nitride barrier material may have a copper diffusion potential
of less than about 1x10” atoms/cm”.

In other embodiments, the titanium nitride barrier stack
may be deposited on a metallic titanium layer disposed on the
substrate. In one example, the metallic titamum layer may be
deposited on the substrate by a physical vapor deposition
(PVD) process. In another example, the metallic titanium
layer may be deposited on the substrate by an atomic layer
deposition (ALD) process. In another example, the metallic
titanium layer may be deposited on the substrate by a CVD
process. The conductive material, which 1s deposited on the
substrate after forming the titanium nitride barrier stack, may
contain copper, tungsten, aluminum, titanium, tantalum,
ruthenitum, cobalt, alloys thereof, or combinations thereof. In
one example, the conductive material contains tungsten or a
tungsten alloy. In another example, the conductive material
contains copper or a copper alloy. In another example, the
conductive material contains aluminum or an aluminum
alloy. Thereafter, the substrate may be exposed to a thermal
annealing process. The thermal annealing process may occur
for a time period within a range from about 30 minutes to
about 90 minutes while the substrate 1s heated to a tempera-
ture within a range from about 350° C. to about 500° C. For
example, the substrate may be heated at about 425° C. for
about 60 minutes during the thermal annealing process.

In another embodiment, the substrate may be exposed to a
deposition gas containing a metal-organic titanium precursor
and a nitrogen precursor during the thermal MOCVD pro-
cess. The titanium precursor may be a metal-organic coms-
pound, such as a tetrakis(dialkylamido) titanium compound
which includes tetrakis(dimethylamido) titantum (TDMAT),
tetrakis(diethylamido) titanium (TDEAT), tetrakis(ethylm-
cthylamido) titanium (TEMAT), or derivatives thereof.
Although nitrogen 1s usually derived during decomposition
of the amido ligands from a tetrakis(dialkylamido) titanium
compound, in an alternative embodiment, a nitrogen precur-
sor gas may be co-flowed with the titamium precursor. The
nitrogen precursor gas may contain ammonia, hydrazine,
methylhydrazine, dimethylhydrazine, tertbutylhydrazine,
phenylhydrazine, 2,2'-azotertbutane, ethylazide, nitrogen,
plasmas thereof, derivatives thereof, or combinations thereof.
During the MOCVD process, the substrate may be heated to
a temperature within a range from about 250° C. to about 500°
C.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner 1n which the above recited features of
the mnvention can be understood 1n detail, a more particular
description of the mvention, brietly summarized above, may
be had by reference to embodiments, some of which are
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illustrated 1n the appended drawings. It 1s to be noted, how-
cever, that the appended drawings illustrate only typical
embodiments of this invention and are therefore not to be
considered hmltmg of 1ts scope, for the mvention may admat
to other equally effective embodiments.

FIG. 1 shows a flow chart of a process for depositing and
densifying a titanium nitride material as described 1n one
embodiment herein; and

FIGS. 2A-2G depict a cross-sectional view of a substrate
during processes for depositing and densiiying titanium
nitride layers as described 1n embodiments herein.

DETAILED DESCRIPTION

One embodiment of the mvention provides a method of
forming a densified titanium nitride layer on a substrate by
depositing a titanium nitride layer on the substrate and den-
siiying the titanium nitride layer by exposing the substrate to
a hydrogen-containing plasma. In another embodiment, a
method for forming a titanium nitride barrier stack on a sub-
strate 1s provided which includes exposing the substrate
sequentially to a titanium nitride deposition gas and a densi-
tying plasma to form a plurality of densified titanium nitride
layers, such that each densified titanium nitride layer 1is
formed during a deposition-densification cycle. Each tita-
nium nitride layer may be deposited and plasma-treated
incrementally without an intervening step prior to depositing
a conductive material layer on the substrate. Generally, each
of the densified titantum nitride layers may have a thickness
of about 20 A or less. In one example, each densified titanium
nitride layer may have a thickness within a range from about
5 A to about 20 A, for example, about 15 A or less.

Subsequently, the method provides depositing a conduc-
tive material on the substrate and exposing the substrate to a
thermal annealing process. The deposition-densification
cycle may be repeated to form a titanium nitride barrier stack
having a predetermined thickness, such as about 100 A or
less, preferably, within a range from about 10 A to about 80 A,
more preferably, from about 30 A to about 50 A. In one
example, the deposition-densification cycle 1s repeated two
times to form a titanium nitride barrier stack having a thick-
ness of about 30 A. In another example, the deposition-den-
sification cycle 1s repeated three times to form a titanium
nitride barrier stack having a thickness of about 50 A. In
another example, the deposition-densification cycle 1s
repeated four times to form a titanium nitride barrier stack
having a thickness of about 60 A.

In other embodiments, the titanium nitride layer may be
deposited by a MOCVD process. The MOCVD process may
contain the steps of vaporizing a organic titanium precursor,
introducing the vaporized titanium precursor mto a CVD
chamber, maintaining the deposition chamber at a pressure
and the substrate at a temperature suitable for the high pres-
sure CVD of the titanium nitride film onto the substrate, and
thermally decomposing the titanitum precursor while depos-
iting the titanium nitride material onto the substrate surface.
The titantum precursor may be a metal-organic compound
that includes tetrakis(dialkylamido) titanium compounds,
such as tetrakis(dimethylamido) titanium (TDMAT), tetrakas
(diethylamido) titanium (TDEAT), tetrakis(ethylmethyla-
mido) titanium (TEMAT), and derivatives thereotf. Generally,
tetrakis(dialkylamido) titammum compounds are thermally
decomposed and the nitrogen of the amido ligands 1s 1ncor-
porated as nitrogen within the titanium nitride material during
a thermal CVD process. However, 1n an alternative embodi-
ment, a nitrogen precursor may be used during a CVD process
to deposit the titanium mitride barrier layers. The nitrogen
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concentration of the titanium nitride barrier layers may be
increased by adding a supplemental nitrogen precursor.

The nitrogen precursor for forming or depositing titanium
nitride or other nitrogen-containing materials includes
ammomnia (NH,), nitrogen (N,), hydrazine (N,H,), methyl
hydrazine (CH;N,H,), dimethyl hydrazine ((CH,),N,H,),
tertbutylhydrazine (C,H,N,H,), phenylhydrazine
(C.H.N,H,), 2,2'-azotertbutane ((CH,).C,N,), ethylazide
(C,H.N,), plasmas thereot, derivatives thereot, or combina-
tions thereof. The deposited titantum nitride layer may have a
thickness of about 100 A or less, preferably, about 50 A or
less, more preferably, about 25 A or less, and more preferably,
about 15 A or less. In one example, the titanium nitride layer
may have a thickness within a range from about 5 A to about
20 A, for example, about 15 A or less.

Generally, the deposition chamber during the deposition
process has an internal pressure of less than 760 Torr, prefer-
ably, less than about 100 Torr, such as within a range from
about 1 Torr to about 10 Torr, for example, about 5 Torr. The

substrate may be heated to a temperature within a range from
about 250° C. to about 500° C., preferably, from about 320°

C. to about 420° C., for example, about 360° C. The substrate
may be exposed to a deposition gas contaiming the titantum
precursor and at least one carrier gas, such as nitrogen,
helium, argon, hydrogen, or combinations thereof. In one
embodiment, the substrate may be exposed to a deposition
gas containing a tetrakis(dialkylamido) titanium compound
having a flow rate within a range from about 10 sccm to about
150 sccm, preferably, from about 20 sccm to about 100 scem,
and more preferably, from about 40 sccm to about 70 scem,
for example, about 35 sccm. The deposition gas may further
contain at least one carrier gas having a flow rate within a
range from about 1,000 sccm to about 5,000 sccm, preferably,
from about 2,000 sccm to about 4,000 sccm, for example,
about 3,000 sccm. In one example, the substrate 1s exposed to
a deposition gas containing TDMAT with a flow rate of about
55 sccm, nitrogen gas with a flow rate of about 2,500 sccm,
and helium with a tflow rate of about 600 sccm during a
MOCVD process. In another example, the substrate 1is
exposed to a deposition gas containing TDEAT with a flow
rate of about 60 sccm and nitrogen gas with a tlow rate of
about 3,000 sccm during a MOCVD process.

The titanium nitride layer may be exposed to the plasma
formed by a plasma generator set at a power within a range
from about 500 watts to about 1,250 watts, preferably, from
about 750 watts to about 1,150 watts, and more preferably,
from about 900 watts to about 1,100 watts, for example, about
1,000 watts. In one example, a 300 mm diameter substrate
may be exposed to the plasma with the plasma generator has
a power setting within a range from about 750 watts to about
1,250 watts, preferably, from about 850 watts to about 1,150
watts, and more preferably, from about 900 watts to about
1,100 watts, for example, about 1,000 watts. In another
example, a 200 mm diameter substrate may be exposed to the
plasma with the plasma generator has a power setting within
a range from about 500 watts to about 1,000 watts, preferably,
from about 600 watts to about 800 watts, and more preferably,
from about 650 watts to about 750 watts, for example, about
700 watts. The substrate may be exposed to a plasma during
the plasma process for a time period within a range from
about 5 seconds to about 30 seconds, preferably, from about
10 seconds to about 20 seconds, and more preferably, from
about 12 seconds to about 18 seconds, for example, about 15
seconds.

Generally, the substrate may be exposed to hydrogen and at
least nitrogen, argon, helium, neon, or combinations thereof
during the plasma process. In one embodiment, the substrate
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may be exposed to a plasma gas containing hydrogen gas
having a flow rate within a range from about 500 sccm to
about 3,000 sccm, preferably, from about 1,000 sccm to about
2,500 sccm, and more preferably, from about 1,500 sccm to
about 2,000 sccm, for example, about 1,800 sccm. The
plasma gas may further contain at least one carrier gas having
a flow rate within a range from about 500 sccm to about 2,500
sccm, preferably, from about 800 sccm to about 2,000 scem,
more preferably, from about 1,000 sccm to about 1,500 scem,
for example, about 1,200 sccm. In one example, the substrate
1s exposed to a plasma gas containing hydrogen gas with a
flow rate of about 1,800 sccm and mitrogen gas with a flow rate
of about 1,200 sccm during a densifying plasma process.
Therefore, the plasma process may occur for a time period
within a range from about 10 seconds to about 20 seconds and
the plasma generator has a power setting within a range from
about 750 watts to about 1,250 watts. For example, the plasma
process may last about 15 seconds with the plasma generator
having a plasma power of about 1,000 watts.

Embodiments provide that the densified titanium nitride
layer 1s denser than the deposited titanium nitride layer, such
as at least about 10% denser, preferably, at least about 20%
denser, and more preferably, at least about 25% denser than
the mitially deposited titanium nitride layer. Also, the densi-
fied titanium nitride layer 1s usually more electrically conduc-
tive than the deposited titanium nitride layer due to the lower
concentrations of carbon and oxygen than the initially depos-
ited titanium nitride layer. For example, the densified titanium
nitride layer may have a conductance within a range from
about 5% to about 10% higher than the imtially deposited
titanium nitride layer.

FIG. 1 illustrates a flow chart of process 100 for depositing
and densitying a titanium nitride material, such as a titanium
nitride barrier layer or a titanium nitride barrier stack as
described 1n embodiments herein. FIGS. 2A-2G depict a
schematic cross-sectional view of another embodiment of an
exemplary application of a titanium nitride material that may
be formed on substrate 200 by utilizing process 100.

FIG. 2A depicts substrate 200 contaiming doped source/
drain region 204 formed over lower layer 202. Lower layer
202 may be a semiconductor substrate, such as a silicon
substrate or wafer, or other deposited semiconductor mate-
rial. Dielectric layer 206, such as a silicon-containing layer, a
silicon dioxide layer or a low-k dielectric layer, may be
formed over lower layer 202. In one example, a low-k dielec-
tric layer 1s an oxidized organosilane layer or an oxidized
organosiloxane layer described in more detail 1n commonly
assigned U.S. Pat. No. 6,348,725, which 1s incorporated by
reference herein. Dielectric layer 206 may be patterned and
etched to form aperture 208.

During step 110, adhesion layer 210 may be deposited on
substrate 200 to provide strong adhesion between titanium
nitride layer 220 that i1s subsequently deposited over lower
layer 202, doped source/drain region 204, and/or dielectric
layer 206. Adhesion layer 210 may be a metallic material
deposited by vapor deposition processes, such as PVD, ALD,
or CVD processes. Adhesion layer 210 may be discontinuous
or continuous across the exposed surfaces of substrate 200.
Adhesion layer 210 may contain titanium, tantalum, tung-
sten, ruthenium, cobalt, silicides thereof, alloys thereof, or
combinations thereol. In one example, adhesion layer 210 1s
a metallic titanium layer deposited by a PVD process. In
another example, adhesion layer 210 1s a metallic titanium
layer deposited by an ALD process.

During step 120, titanium nitride layer 220 may be depos-
ited on substrate 200 and over aperture 208, as depicted 1n
FIG. 2A. Titantum nitride layer 220 may completely cover
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adhesion layer 210 or any other exposed surface of substrate
200, such as lower layer 202, doped source/drain region 204,
and/or dielectric layer 206. Titanium nitride layer 220 may be
discontinuous, but preferably, 1s continuous across the
exposed surfaces of substrate 200. In one embodiment, tita-
nium nitride layer 220 may be deposited or formed by aCVD
process, preferably, a MOCVD process, and more preferably,
a thermal MOCVD process. In another embodiment, titanium
nitride layer 220 may be deposited or formed by a plasma-
enhanced CVD (PE-CVD) process. In an alternative embodi-
ment, titanium nitride layer 220 may be deposited or formed
by an ALD process or a PE-ALD process.

In one example of step 120, titanium nitride layer 220 may
be deposited by a MOCVD process. The MOCVD process
includes vaporizing a organic titanium precursor, introducing
the vaporized titanium precursor into a CVD chamber, main-
taining the deposition chamber at a pressure and substrate 200
at a temperature suitable for the high pressure CVD of the
titanium mnitride film onto substrate 200, and thermally
decomposing the titanium precursor while depositing tita-
nium nitride layer 220 onto adhesion layer 210 and substrate
200.

In one example, the titanium precursor may be a metal-
organic compound, such as tetrakis(dialkylamido) titanium
compounds, which include tetrakis(dimethylamido) titanium
(TDMAT), tetrakis(diethylamido) titanium (TDEAT), tet-
rakis(ethylmethylamido) titantum (TEMAT), and derivatives
thereof. Titanium nitride layer 220 may have a thickness of
about 50 A or less, preferably, about 25 A or less, and more
preferably, about 15 A or less. In one example, titanium
nitride layer 220 may have a thickness within a range from
about 5 A to about 20 A, for example, about 15 A or less.

Generally, the deposition chamber during the deposition
process has an internal pressure of less than 760 Torr, prefer-
ably, less than about 100 Torr, such as within a range from
about 1 Torr to about 10 Torr, for example, about 5 Torr.

Substrate 200 may have a temperature within a range from
about 250° C. to about 500° C., preferably, from about 320°

C. toabout 420° C., for example, about 360° C. Substrate 200
may be exposed to a deposition gas containing the titanium
precursor and at least one carrier gas, such as nitrogen,
helium, argon, hydrogen, or combinations thereof. In one
embodiment, substrate 200 may be exposed to a tetrakis(di-
alkylamido) titanium compound having a flow rate within a
range from about 10 sccm to about 150 sccm, preferably, from
about 20 sccm to about 100 sccm, and more preferably, from
about 40 sccm to about 70 sccm, for example, about 35 sccm.
The deposition gas may further contain at least one carrier gas
having a flow rate within a range from about 1,000 sccm to
about 5,000 sccm, preferably, from about 2,000 sccm to about
4,000 sccm, for example, about 3,000 sccm. In one example,
substrate 200 1s exposed to a deposition gas containing
TDMAT with a tlow rate of about 55 sccm, nitrogen gas with
a flow rate of about 2,500 sccm, and helitum with a flow rate of
about 600 sccm during a MOCVD process while forming
titanium nitride layer 220.

During step 130, substrate 200 may be exposed to a den-
sifying plasma treatment process while forming densified
titanium nitride layer 222 from titanium nitride layer 220, as
depicted in FIG. 2B. Titanium nitride layer 220 may be
exposed to the plasma having a plasma power within a range
from about 750 watts to about 1,250 watts, preferably, from
about 850 watts to about 1,150 watts, and more preferably,
from about 900 watts to about 1,100 watts, for example, about
1,000 watts. The substrate may be exposed to a plasma during
the plasma process for a time period within a range from
about 5 seconds to about 30 seconds, preferably, from about
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10 seconds to about 20 seconds, and more preferably, from
about 12 seconds to about 18 seconds, for example, about 15
seconds. Densified titanium nitride layer 222 may be at least
about 10% denser than titanium nitride layer 220, preferably,
at least about 20% denser than titanium nitride layer 220.

Generally, substrate 200 may be exposed to a plasma gas
containing hydrogen and at least nitrogen, argon, helium,
neon, or combinations thereof during the plasma process at
step 130. In one embodiment, substrate 200 may be exposed
to the plasma gas containing hydrogen gas having a flow rate
within a range from about 500 sccm to about 3,000 sccm,
preferably, from about 1,000 sccm to about 2,500 sccm, and
more preferably, from about 1,500 sccm to about 2,000 scem,
for example, about 1,800 sccm. The plasma gas may further
contain at least one carrier gas having a flow rate within a
range from about 500 sccm to about 2,500 sccm, preferably,
from about 800 sccm to about 2,000 sccm, more preferably,
from about 1,000 sccm to about 1,500 sccm, for example,
about 1,200 sccm. In one example, substrate 200 1s exposed to
a plasma gas containing hydrogen gas with a flow rate of
about 1,800 sccm and nitrogen gas with a flow rate of about
1,200 sccm during a densitying plasma process to form den-
sified titanium nitride layer 222. The plasma process may last
about 15 seconds with a plasma power of about 1,000 watts.

A predetermined thickness of titanium nitride i1s deter-
mined at step 140. If densified titanium nitride layer 222 has
a desirable, predetermined thickness, then process 100 con-
tinues to step 150. Conductive contact layer 280 may be
deposited on or over densified titanium nitride layer 222 or
substrate 200 while filling 1n aperture 208 with a conductive
metallic material during step 150 (not shown). However, i
densified titanium nitride layer 222 does not have the desir-
able, predetermined thickness, then steps 120 and 130 may be
repeated 1n process 100.

In another embodiment, step 120 may be repeated to
deposit titamium mitride layer 230 on densified titanium
nitride layer 222 and over aperture 208, as depicted in FIG.
2C. Titanium nitride layer 230 may have a thickness of about
50 A or less, preferably, about 25 A or less, and more prefer-
ably, about 15 A orless. In one example, titanium nitride layer
230 may have a thickness within a range from about 5 A to
about 20 A, for example, about 15 A or less. In one example,
substrate 200 1s exposed to a deposition gas containing
TDMAT with a tlow rate of about 55 sccm, nitrogen gas with
a flow rate of about 2,500 sccm, and helium with a flow rate of
about 600 sccm during a MOCVD process while forming
titanium nitride layer 230.

In another embodiment, step 130 1s repeated by exposing
substrate 200 to a densiiying plasma treatment process while
forming densified titanium nitride layer 232 from titanium
nitride layer 230, as depicted 1in FIG. 2D. Titanium nitride
layer 230 may be exposed to the plasma having a plasma
power within a range from about 750 watts to about 1,250
watts, preferably, from about 850 watts to about 1,150 watts,
and more preferably, from about 900 watts to about 1,100
watts, for example, about 1,000 watts. The plasma process
may occur for a time period within a range from about 5
seconds to about 30 seconds, preferably, from about 10 sec-
onds to about 20 seconds, and more preferably, from about 12
seconds to about 18 seconds, for example, about 15 seconds.
In one example, substrate 200 i1s exposed to a plasma gas
containing hydrogen gas with a flow rate of about 1,800 sccm
and nitrogen gas with a flow rate of about 1,200 sccm during
a densiiying plasma process to form densified titanium nitride
layer 232. The plasma process may last about 15 seconds with
a plasma power of about 1,000 watts.
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A predetermined thickness of titanium nitride 1s deter-
mined at step 140. If densified titanium nitride layer 232 has
the desirable, predetermined thickness, then process 100 con-
tinues to step 150. Subsequently, conductive contact layer
280 may be deposited on or over densified titanium nitride
layer 222 or substrate 200 while filling 1n aperture 208 with a
conductive metallic material during step 150 (not shown).
However, 11 densified titanium nitride layer 232 does not have
a desirable, predetermined thickness, then the cycle 1is
repeated by conducting steps 120 and 130.

In another embodiment, step 120 may be repeated to
deposit titanium nitride layer 240 on densified titanium
nitride layer 232 and over aperture 208, as depicted in FIG.
2E. Titanium nitride layer 240 may have a thickness of about
50 A or less, preferably, about 25 A or less, and more prefer-
ably, about 15 A or less. In one example, titanium nitride layer
240 may have a thickness within a range from about 5 A to
about 20 A, for example, about 15 A or less. In one example,
substrate 200 1s exposed to a deposition gas containing
TDMAT with a tlow rate of about 35 sccm, nitrogen gas with
a flow rate ot about 2,500 sccm, and helium with a tflow rate of
about 600 sccm during a MOCVD process while forming
titanium nitride layer 240.

In another embodiment, step 130 may be repeated by
exposing substrate 200 to a densifying plasma treatment pro-
cess while forming densified titanmium nitride layer 242 from
titanium nitride layer 240, as depicted in FIG. 2F. Titanium
nitride layer 240 may be exposed to the plasma having a
plasma power within a range from about 750 watts to about
1,250 watts, preferably, from about 8350 watts to about 1,150
watts, and more preferably, from about 900 watts to about
1,100 watts, for example, about 1,000 watts. The plasma
process may occur for a time period within a range from about
5 seconds to about 30 seconds, preferably, from about 10
seconds to about 20 seconds, and more preferably, from about
12 seconds to about 18 seconds, for example, about 135 sec-
onds. In one example, substrate 200 1s exposed to a plasma
gas containing hydrogen gas with a flow rate of about 1,800
sccm and nitrogen gas with a flow rate of about 1,200 sccm
during a densitying plasma process to form densified titanium
nitride layer 242. The plasma process may last about 15
seconds with a plasma power of about 1,000 watts.

A predetermined thickness of titanmium nitride 1s deter-
mined at step 140. If densified titanium nitride layer 242 has
a desirable, predetermined thickness, then process 100 con-
tinues to step 150. However, 1f densified titanium nitride layer
242 does not have a desirable, predetermined thickness, then
steps 120 and 130 may be repeated until the titanium mitride
barrier stack has a predetermined thickness.

During step 150, conductive contact layer 280 may be
deposited on densified titanium nitride layer 242 and sub-
strate 200 while filling in aperture 208 with a conductive
metallic material, as depicted 1n FIG. 2G. Conductive contact
layer 280 may be a seed layer, a nucleation, a bulk layer, a fill
layer, or another conductive layer that may be used 1n con-
tacts. Conductive contact layer 280 may contain a conductive
metallic material, such as copper, titanium, tungsten, alumi-
num, tantalum, ruthenium, cobalt, alloys thereot, or combi-
nations thereof.

Conductive contact layer 280 may be deposited or formed
by a PVD process, an ALD process, a CVD process, an
clectrochemical plating (ECP) process, or an electroless
deposition process. In one example, conductive contact layer
280 contains metallic copper or a copper alloy. In another
example, conductive contact layer 280 contains metallic
tungsten or a tungsten alloy. In another example, the conduc-
tive material contains aluminum or an aluminum alloy.
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Subsequent to step 150, substrate 200 may be exposed to a
thermal annealing process 1n an annealing chamber or 1n any
of the same chamber used 1n steps 120, 140, or 150. Substrate
200 may be heated to a temperature within a range from about
250° C. to about 700° C., preferably, from about 350° C. to
about 500° C. during the thermal annealing process. The
thermal annealing process may occur for a time period within
a range from 15 minutes to about 120 minutes, preferably,
from about 30 minutes to about 90 minutes, and more pret-
erably, from about 45 minutes to about 75 minutes. In one
example, substrate 200 may be heated at about 425° C. for
about 60 minutes during a thermal annealing process.

In an alternative embodiment, substrate 200 may be trans-
ferred 1nto a rapid thermal processing (RTP) chamber and
exposed to an RTP annealing process after step 150. The
CENTURA® RADIANCE® RTP chamber, available from
Applied Matenals, Inc., located 1n Santa Clara, Calif., may be
used during the RTP process. The annealing chamber may be
on the same cluster tool as the deposition chambers so that
substrate 200 may be annealed without being exposed to the
ambient environment. Substrate 200 may be heated to a tem-
perature within a range from about 250° C. to about 700° C.,
preferably, from about 350° C. to about 500° C., and more
preferably, from about 400° C. to about 450° C., for example,
about 425° C. during the RTP annealing process. Substrate
200 may be exposed to the RTP process for a time period
within a range from about 15 seconds to about 10 minutes,
preferably, from about 30 seconds to about 5 minutes, and
more preferably, from about 1 minute to about 4 minutes.

In another embodiment, the diffusion potential of the tita-
nium nitride barrier stack (e.g., copper diffusion potential)
may be calculated to quantitatively determine the effective-
ness of the barrier layers. The diffusion potential may be used
to determine a desired thickness of each densified titantum
nitride layer formed during steps 120 and 130 and to deter-
mine how many densified titanium nitride layers should be
deposited at step 140. In one example, the titantum nitride
barrier material may have a copper diffusion potential of less
than about 5x10'° atoms/cm?, preferably, less than about
4%x10'° atoms/cm?, more preferably, less than about 2.5x10"°
atoms/cm”, and more preferably, less than about 1x10™°
atoms/cm”. Alternatively, the titanium nitride barrier material
may have a copper diffusion potential of less than about
1x10” atoms/cm”.

“Substrate” or “substrate surface,” as used herein, refers to
any substrate or material surface formed on a substrate upon
which film processing 1s performed. For example, a substrate
surface on which processing can be performed include mate-
rials such as silicon, silicon oxide, strained silicon, silicon on
isulator (SOI), carbon doped silicon oxides, silicon nitride,
doped silicon, germanium, gallium arsenide, glass, sapphire,
quartz, and any other materials such as metals, metal nitrides,
metal alloys, and other conductive materials, depending on
the application. Barrier layers, metals or metal nitrides on a
substrate surface may include titanium, titanium nitride, tita-
nium silicide nitride, tungsten, tungsten nitride, tungsten sili-
cide nitride, tantalum, tantalum nitride, or tantalum silicide
nitride. Substrates may have various dimensions, such as 200
mm or 300 mm diameter waters, as well as, rectangular or
square panes. Substrates include semiconductor substrates,
display substrates (e.g., LCD), solar panel substrates, and
other types of substrates. Unless otherwise noted, embodi-
ments and examples described herein are preferably con-
ducted on substrates with a 200 mm diameter or a 300 mm
diameter, more preferably, a 300 mm diameter. Processes of
the embodiments described herein may be used to form or
deposit titanium nitride materials on many substrates and
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surfaces. Substrates on which embodiments of the invention
may be useful include, but are not limited to semiconductor
walers, such as crystalline silicon (e.g., S1<<100> or S1<<111>),
silicon oxide, glass, quartz, strained silicon, silicon germa-
nium, doped or undoped polysilicon, doped or undoped sili-
con walers and patterned or non-patterned waters. Substrates
may be exposed to a pretreatment process to polish, etch,
reduce, oxidize, hydroxylate, anneal and/or bake the substrate
surface.

The following examples are given for the purpose of illus-
trating various embodiments of the invention and are not
meant to limit the imnvention 1n any fashion.

EXAMPLES

200 mm TXZ® Chamber

A high-pressure process in a TXZ® chamber, available
from Applied Matenals, Inc., located 1n Santa Clara, Calif., 1s
used for formation of the titanium nitride barrier layer. Low-
resistivity titantum mitride thin-films are thermally deposited
using a high-pressure MOCVD process. The chamber 1s
plumbed to a titanium precursor, such as TDMAT or TDEAT.
The titantum nitride thin film 1s subsequently plasma post
treated with a hydrogen-nitrogen plasma generated by a high
plasma power within a range from about 7350 watts to about
1,250 watts 1n order to reduce the film resistivity.

Overview of the Formation of Titanium Nitride Barrier Layer

The substrate 1s heated to a predetermined temperature
(e.g.,about360° C.). TDMAT 1s vaporized and exposed to the
substrate to thermally decompose as a film deposited on the
substrate surface at a low temperature of about 360° C. which
corresponds to a heater temperature of about 380° C. and at a
high chamber pressure of about 5 Torr. The process may be
run with substrate temperatures ranging from about 320° C. to
about 370° C. and chamber pressures ranging from about 1
Torr to about 10 Torr.

The decomposition rate of TDMAT 1s controlled by vari-
ous process conditions. The step coverage and the deposition
rates depend on the substrate temperature. As the decompo-
sition of TDMAT 1s a pyrolytic process, the rate of decom-
position and thereby the rate of deposition on the substrate
increases with the substrate temperature. It 1s possible to
compensate for the loss 1n deposition rate at a low tempera-
ture by an increase in precursor delivery. The deposition
temperature 1s dependant on the type of application, e.g., the
type of low K dielectric needed. However, a spacing change
alfects substrate temperature and thus the deposition rate 1s
aiffected. Concomitantly, an increase in chamber pressure
and/or an increase in TDMAT flow will increase the deposi-
tion rate. Additionally, increasing the nitrogen or helium car-
rier gas dilution flow will decrease the deposition rate.

The resultant deposited film contains titanium nitride car-
bide material. The titanium nitride carbide film 1s treated with
a low frequency 350 kHz induced N.,/H,, plasma generated by
a high plasma power of about 750 watts. Such treatment
reduces carbon concentration of the originally deposited tita-
nium nitride layer. The plasma treatment duration depends on
the thickness of the deposited titanium nitride layer. The
titanium mitride layer may have a thickness within a range
from about 5 A to about 20 A, for example, about 15 A.
Theretfore, the plasma process may occur for a time period
within a range from about 10 seconds to about 20 seconds, for
example, about 15 seconds.

While the foregoing 1s directed to embodiments of the
invention, other and further embodiments of the invention
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may be devised without departing from the basic scope
thereof, and the scope thereof 1s determined by the claims that
follow.

The mvention claimed 1s:

1. A method for forming a titanium nitride barrier stack on
a substrate, comprising:

depositing a first titanium nitride layer on the substrate by

a metal-organic chemical vapor deposition process;
exposing the first titanium nitride layer to a plasma to form
a first densified titanium nitride layer thereon;
depositing a second titanium nitride layer on the first den-
sified titantum nitride layer by the metal-organic chemi-
cal vapor deposition process;
exposing the second titanmium nitride layer to the plasma to
form a second densified titanium mitride layer thereon;

depositing a third titanium nitride layer on the second
densified titamium nitride layer by the metal-organic
chemical vapor deposition process;

exposing the third titanium mitride layer to the plasma to

form a third densified titanium nitride layer thereon;
depositing a conductive material on the substrate; and
exposing the substrate to an annealing process, wherein the
titanium nitride barrier stack has a copper diffusion of
less than about 5x10'° atoms/cm”.

2. The method of claim 1, wherein the titanium nitride
barrier stack has a copper diffusion potential of less than
about 1x10'° atoms/cm?.

3. The method of claim 2, wherein the substrate 1s exposed
to a plasma gas during the plasma process, the plasma gas
comprises hydrogen and a gas selected from the group con-
sisting of nitrogen, argon, helium, neon, and combinations
thereof.

4. The method of claim 3, wherein the substrate 1s exposed
to the plasma during each of the densifying steps for a time
pertod within a range from about 10 seconds to about 20
seconds and at a plasma power within a range from about 750
watts to about 1,250 watts.

5. The method of claim 1, wherein the annealing process
occurs for a time period within a range from about 30 minutes
to about 90 minutes and at a temperature within a range from
about 350° C. to about 500° C.

6. The method of claim 1, wherein the first titantum nitride
layer has a thickness of about 15 A or less, the second titanium
nitride layer has a thickness of about 15 A or less, and the third
titanium nitride layer has a thickness of about 15 A or less.

7. The method of claim 1, wherein the titanium nitride
barrier stack 1s deposited on a metallic titanium layer dis-
posed on the substrate, and the metallic titanium layer 1s
deposited on the substrate by a physical vapor deposition
process.

8. A method for forming a titantum nitride barrier stack on
a substrate, comprising:

exposing the substrate sequentially to a titanium nitride

deposition gas and to a densifying plasma to form a
plurality of densified titanium nitride barrier layers,
wherein each of the densified titanium nitride barrier
layer has a thickness of about 20 A or less;

depositing a conductive material on the substrate; and

exposing the substrate to an annealing process, wherein the

titanium nitride barrier stack has a copper diffusion
potential of less than about 5x10"” atoms/cm”.

9. The method of claim 8, wherein the copper diffusion
potential is less than about 1x10'° atoms/cm”.

10. The method of claim 8, wherein the substrate 1s sequen-
tially exposed to the titanium nitride deposition gas and to the
densifying plasma during a deposition-densification cycle.
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11. The method of claim 8, wherein the deposition-densi-
fication cycle 1s repeated to form the titantum nitride barrier
stack having a thickness within a range from about 30 A to
about 50 A.

12. The method of claim 8, wherein the plurality of densi-
fied titanium nitride barrier layers comprises at least 3 densi-
fied titanium nitride barrier layers, and each of the densified
titanium nitride barrier layer has a thickness of about 15 A or
less.

13. A method for forming a titanium nitride barrier material
on a substrate, comprising:

depositing a first titanium nitride layer on the substrate by

a metal-organic chemical vapor deposition process;
densifying the first titanium nitride layer by exposing the
substrate to a plasma process, depositing a second tita-
nium nitride layer on the first titanium nitride layer by
the metal-organic chemical vapor deposition process;
densitying the second titanium nitride layer by exposing
the substrate to the plasma process;
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densifving the third titanium nitride layer by exposing the
substrate to the plasma process, and the plasma process
occurs for a time period within a range from about 10
seconds to about 20 seconds at a plasma power within a
range from about 7350 watts to about 1,250 watts;

depositing a conductive material on the substrate; and

exposing the substrate to an annealing process, wherein the
titanium nitride barrier stack has a copper diffusion
potential of less than about 5x10'° atoms/cm”.

14. The method of claim 13, wherein the substrate 1is
exposed to a plasma gas during the plasma process, the
plasma gas comprises hydrogen and a gas selected from the
group consisting of nitrogen, argon, helium, neon, and com-
binations thereof.

15. The method of claim 13, wherein the first titanium

nitride layer has a thickness of about 15 A or less, the second
titanium nitride layer has a thickness of about 15 A or less,
and the third titanium nitride layer has a thickness of about 15

depositing a third titamum nitride layer on the second 20 A or less.

titanium mitride layer by the metal-organic chemical
vapor deposition process; and
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